Abstract: We propose a coupled system that can produce nonreciprocal channels of light. The system consists of a metal layer sandwiched between two magnetophotonic crystals (MPCs). A resonance mode called Tamm magnetoplasmon polariton (TMP) around the interfaces between the metal and the MPCs can be achieved in this structure. It is found that nonreciprocal light-tunneling channels can be obtained through the coupling of two nonsymmetric TMPs. The nonreciprocal wavelength channels can be adjusted, depending on the incidence direction of the light, whereas the nonreciprocal direction channels can be adjusted, depending on the wavelength of the incident light. Results are demonstrated through electromagnetic-field simulations based on a finiteelement solver.
Introduction
The topic of nonreciprocal wave propagation has attracted considerable interest because of its important applications in integrated circulators and isolators. Several different approaches have been explored, including nonreciprocal linear propagation, nonlinear propagation, phase shifts and diffraction processes [1] - [6] , in which symmetry breaking plays a crucial role in realizing these types of nonreciprocal transmission. In particular, a magneto-optical (MO) medium in the presence of an external magnetic field offers a convenient method of breaking time-reversal (T) symmetry.
Optical Tamm states (OTSs) are surface electromagnetic waves that form at the interface between two photonic crystals with overlapping band gaps [7] . OTSs attract considerable attention because they may offer a promising alternative to surface plasmon polaritons (SPPs) because of their low attenuation. Recently, it has been proposed that similar confined electromagnetic modes can exist at the boundary between a metal layer and a Bragg mirror. Such confined electromagnetic modes are called Tamm plasmon polaritons (TPPs) [8] . TPPs can be excited directly as a result of the in-plane dispersion inside the light cone and can be formed in both TE and TM polarizations.
OTSs or TPPs in magnetophotonic structures may exhibit nonreciprocal behavior [9] - [13] . In [10] , one-way TPPs on the interfaces between magnetophotonic crystals and conducting metal oxides are reported. The excitation of the TPPs is based on the semi-infinite metal background material. Thus, the effect of metal loss is so large that nonreciprocal transmission is impossible in practice. In [13] , the authors obtained unidirectional perfect transmission through nonreciprocal OTSs. However, the magneto-optical layers in the two magnetophotonic crystals (MPCs) must be magnetized in opposite directions. Because the two MPCs are tightly linked, it is extremely difficult to establish an appropriate magnetic field near the interface between the two MPCs in a real experiment. Thus, there remains a great need for easily realizable nonreciprocal transmission.
In this paper, we present a novel photonic structure in which a metallic layer is sandwiched between two different MPCs. In contrast to [13] , the two MPCs are magnetized in the same direction. At the two interfaces of the metal layer, two nonsymmetric TPPs may be excited. Here, the TPPs are modified by the MO effect, and the MO effect can be simultaneously enhanced by the properties of the surface plasmons. Thus, we refer to these potential modes as Tamm magnetoplasmon polaritons (TMPs). Furthermore, the two TMPs can be coupled through the thin metal layer to form coupled TMPs. The coupling of two nonsymmetric TMPs may result in a novel nonreciprocal transmission mechanism different from those discussed in [10] , [13] , which is the primary subject of this paper.
Model and Equations
As depicted in Fig. 1 
where ! ep ¼ 1:2 Â 10 16 rad=s is the electric plasma frequency and is the damping constant describing the loss. In the Cotton-Mouton (Voigt) geometry, the dielectric tensor for layer D is
TM modes and TE modes are completely decoupled in the Voigt geometry. The entire structure is placed along the z direction and in a background of air. The TE modes are related only to the tensor element " zz and still possess time-reversal symmetry. Thus, in the following discussions, we focus only on the TM modes. For TM modes, the H-field direction is along the y axis and the electric-field direction is on the xz plane. The electromagnetic waves propagate in the xz plane. k x is the x component of the wave vector, which remains invariant in the layered structure, and k zj is the z component of the wave vector in layer j. In each layer, the magnetic field is a superposition of the transmitted wave and the reflected wave, which can be written as
Imposing the continuity of the electromagnetic field at the interface between layers j and i leads to
where
and " 
where 
where n 1 and n 2 are the numbers of periods of the left-hand MPC and the right-hand MPC, respectively. Therefore, the relation between the magnetic fields at the incidence interface ðinÞ and the output interface ðout Þ can be written as
Because there is no reflected wave in the final air layer ðH À out ¼ 0Þ, we obtain the following transmittance:
Using (8), we can determine the transmission properties of the system.
Results and Analysis
As shown in Fig. 1 , two light beams incident on the MPC from two different directions are denoted by two different arrows. The x component and z component of the incident wave vectors of the two light beams are k x , k z and Àk x , k z , respectively. We write the corresponding incidence angles as þ and À, denoting two opposite incidence directions. If light with a wavelength in the forbidden band is incident on the structure from the air, two TMPs may be excited on both interfaces between the metal and the MPC. In general, the sign of the excitation of a TMP is a resonance peak in the band gap. In our structure, there may be two TMPs on the two interfaces between the metal and the MPCs. Because of the coupling effect, the interval of the two TMP resonance peaks will change with the thickness of the metal. In the following, we will study the transmission properties of the structure. For comparison, we first consider a symmetrical structure denoted by ðADÞ 11 MðDAÞ 11 . The parameters of this structure are taken to be
. Here, Á D is larger than the real value of 0.06 to emphasize the MO effect. Let us first consider the lossless case ¼ 0. Using Eq. (8), we obtain the transmittance spectra for various d m values and for incidence angles AE. As shown in Fig. 2 , there are always double peaks within the wide band gap for each d m . The two transmission peaks correspond to the two coupled TMPs, as stated above. The interval of the two peaks decreases as d m increases. However, for d m larger than 80 nm, we observe that the positions of and distance between the two peaks do not change. This means that when d m is larger than 80 nm, the coupling effect disappears and the two peaks correspond to isolated TMPs. However, if d m is too large, the transmittance also decreases quickly, meaning that a single TMP cannot be excited. In general, in a coupled system of two units, there are symmetric coupling and anti-symmetric coupling [14] . The left-hand peak and the right-hand peak in Fig. 2 correspond to the symmetric and anti-symmetric coupling of two TMPs, respectively. The spectra for þ and À are fully overlapped, indicating that the transmission is still reciprocal in this structure. This is because space-inversion symmetry is not broken even though we have removed time-reversal symmetry by virtue of the MO property. The magnetic-field profiles corresponding to the double-peak wavelengths are also plotted in Fig. 3 . The incidences are all from the left-hand side but with incidence angles of þ and À. We find that each field distribution for þ or À is not a symmetrical configuration and that the two fields do not overlap because of the non-diagonal dielectric tensor of layer D. However, if we use a pair of counter-incidence waves, the two field distributions for þ and À will be symmetrical to each other. At the two interfaces separating the metal layer and the MO layer, the dispersion of surface plasmons at each single interface is not equivalent for waves incident on the metal layer from the MO layer and for waves incident on the MO layer from the metal layer [15] . Thus, although the entire geometric structure is symmetrical, the two TMPs are not equivalent, which leads to asymmetric field configurations of the coupled TMPs. At an incidence wavelength of ¼ 1408:3 nm for þ, the magnetic field in the left-hand PC is stronger than that in the right-hand PC, and the opposite is true for À. However, for ¼ 1505:1 nm, the situation is reversed compared to the situation for ¼ 1408:3 nm.
To achieve nonreciprocal behavior, let us consider the nonsymmetric structure ðADÞ . We plot the transmission spectra of this structure in Fig. 4 for AE ¼ 45
. When d 0 D is taken to be 1:75d D , a pair of peaks with different amplitudes arises in the transmission spectra for the two incidence angles. These two peaks correspond to the coupled modes of two TMPs. However, the two peaks do not attain unit transmittance because the two TMPs are nonsymmetric, which leads to a mismatched resonance. It should be noted that the peak positions for þ and À are different, which means that a nonreciprocal transmission channel arises. However, the low transmittance is quite impractical. To obtain nonreciprocity with unit transmittance, we try varying the parameter d To illustrate this clearly, we use A þ and A À , respectively, to label these two peak wavelengths with unit transmittance in Fig. 4 . It is clear that at A þ for À, the transmittance is very small, and the same is true at A À for þ. We can use the expression ½T ðþÞ À T ðÀÞ=½T ðþÞ þ T ðÀÞ to quantify the difference in transmission at A þ and A À , where the values are found to be 0.9805 and À0.9728, respectively. Because of the large transmission contrast, we refer to such a pair of coupled modes at A þ and A À as two nonreciprocal resonance tunneling channels. The transmission contrast and the interval of the channels characterize the performance of the nonreciprocal channels. The nonreciprocity originates from the simultaneous breaking of time-reversal symmetry and mirror symmetry. The MO effect breaks time-reversal symmetry, whereas the coupling of two nonsymmetric TMPs breaks mirror symmetry. In this study, we have achieved nonreciprocal transmission based on coupled modes because the coupling of two TMPs further enhances the MO effect and enlarges the interval of the two nonreciprocal channels. The interval of the two nonreciprocal channels achieved for one TMP in [10] was only approximately 6 nm, whereas the interval in our study is as large as 17 nm.
To further understand the nonreciprocal resonance tunneling channels, using the same value Fig. 4 , we plot the H-field distributions at A þ and A À for both þ and À in Fig. 5 . At A þ for þ (see Fig. 5(a) ), a maximum field value occurs at the left-hand interface of the metal, which means that an intense resonance effect occurs at the left-hand interface. With increasing distance from the metal, the field decays along the two MPCs. From the inset, it is evident that the field value on the left-hand metal interface is larger than that on the right-hand metal interface, which causes the average field amplitude in the left-hand MPC to also be larger than that in the right-hand MPC. The field pattern is characteristic of a typical optical Tamm state. The nonsymmetric field pattern is attributable to the coupling of two nonsymmetric TMPs. In the coupling, the left-hand TMP gains the advantage over the right-hand TMP. This coupling of two nonsymmetric TMPs gives rise to a pair of nonsymmetric resonance peaks.
At A þ for À (see Fig. 5(b) ), there is still a small field enhancement on the left-hand interface of the metal, but the small resonance effect cannot change the tendency of the field to decay in the structure. As a result, the light wave undergoes intense reflection. The large difference in the field patterns for the two opposite incidence directions exhibits clear nonreciprocal behavior. At A À for À (see Fig. 5(d) ), the case is similar to that at A þ for þ. A similar field shape is evident in both cases, but the maximum field value in the former case is a bit larger than that in the latter. Additionally, the case at A À for þ (see Fig. 5(c) ) is similar to that at A þ for À. The nonreciprocal resonant peak wavelengths can be continuously tuned by adjusting the incidence angle, the thickness of the metal layer and the number of periods. Here, we first fix the structure parameters to those used in Fig. 4 with d 0 D ¼ 1:42d D and study the dependence of the peak wavelength on the incidence angle. Using the calculated transmittance map T ð; Þ, we plot the trajectories of the positions of the resonant peaks (not all peaks attain unit transmittance). The results are presented in Fig. 6 . It is clear that the peak wavelength and the incidence angle demonstrate a one-to-one correspondence. The peak wavelengths decrease as the incidence angle increases for both þ and À. To better clarify the obtained results, we plot the changes in the peak wavelengths and their difference ðÀÞ À ðþÞ as functions of the incidence angle. The results are presented in Fig. 6 . The value of ðÀÞ À ðþÞ reflects the strength of the nonreciprocity. It increases nearly linearly in the range of 0 to 40 and reaches saturation when > 50
. The results provide a method of tuning the nonreciprocal channel by adjusting the incidence angle.
Because the nonreciprocal wavelength channel and the incidence angle possess a one-toone correspondence, the channel can also be spatially nonreciprocal (with regard to the incidence direction) for one fixed wavelength. Thus, we plot the transmission-contrast values of a wavelength channel for different incidence angles and of a spatial channel for different wavelengths. The results are presented in Fig. 7 . For each incidence angle, there is a pair of a positive maximum value and a negative maximum value representing two wavelength channels with opposite incidence directions (see Fig. 7(a) ). For each incidence wavelength, there is also a pair of a positive maximum value and a negative maximum value representing two spatial channels with opposite incidence directions (see Fig. 7(b) ). The transmittances of all peaks are close to 1 or À1, indicating that these nonreciprocal channels demonstrate good performance. In the following, we study the dependence of the peak wavelength on the thickness of the metal layer. Except for the metal thickness, the structure parameters are the same as in Fig. 4 with d 0 D ¼ 1:42d D , and the incidence angles are AE ¼ 45
. The peak wavelength is plotted versus the thickness of the metal layer in Fig. 8 . The peak wavelengths for both directions decrease as the metal thickness increases, whereas the wavelength difference remains nearly unchanged for different metal thicknesses.
The effect of the number of periods on the transmission is also considered in this study. Increasing the number of periods can narrow the nonreciprocal transmission peaks but cannot change their positions. For brevity, we do not plot the results in this paper.
To directly visualize and verify the nonreciprocal resonance tunneling effect, we use a finiteelement solver (COMSOL Multiphysics) to simulate the electromagnetic-wave propagation. Based on the structure parameters used in Fig. 5 and the same incidence angles, the out-ofplane magnetic-field profiles of the incident light beams are plotted in Fig. 9 . At A þ for þ, the light is totally transmitted through the structure without any reflection. A large enhancement is observed at the metal-PC interface. However, at A þ for À, the light is almost entirely reflected such that there is a clear interference pattern in the right-hand air region. The corresponding simulations at the other peak A À for AE are also plotted. At A À for À, the light is totally transmitted through the structure without any reflection. However, at A À for þ, the light is almost entirely reflected such that there is a clear interference pattern in the left-hand air region. These field patterns are in excellent agreement with the results presented in Figs. 4 and 5 .
In practical applications, we must consider the effect of metal loss, which can be determined using the transmission spectra. Based on the structure parameters of Fig. 4 with d 0 D ¼ 1:42d D and the incidence angles AE ¼ 45 , the transmission spectra for ¼ 1:45 Â 10 13 s À1 calculated for various period numbers n are presented in Fig. 10(a) . Two relatively small transmission peaks for the two opposite directions are still observed. The peak position changes slightly with n. The smaller the number of periods is, the larger is the peak value. However, the peak width increases as the number of periods decreases, which may lead to a decrease in transmission contrast. The transmission-contrast values for n ¼ 7 and n ¼ 11 are also presented in Fig. 10(b) . For n ¼ 7, the maximum transmission-contrast values are 0.72 and À0.7124 at ¼ 1452:7 nm and ¼ 1472:14 nm, respectively. For n ¼ 11, the maximum transmission contrasts are 0.9 and À0.915 at ¼ 1452:7 nm and ¼ 1469:8 nm, respectively. Thus, the transmission contrast for a large number of periods is greater than that for a small number of periods. Clearly, nonreciprocal channels can still be achieved when metal loss is taken into account. For comparison, in Ref. [10] , one-way transmission was found to be impossible because of metal loss; instead, only one-way absorption could be achieved.
IV. Conclusion
The transmission properties of a coupled system composed of two MPCs connected by a metal layer are studied in detail. Two symmetric MPCs can result only in two reciprocal channels. With two different MPCs, tunable nonreciprocal light wavelength channels and direction channels can be achieved through the coupling of two nonsymmetric TMPs. Our studies will provide an important reference for the design of optical isolators and diodes. 
